Acquired drug resistance is a major factor limiting the effectiveness of targeted cancer therapies. Targeting tumors with kinase inhibitors induces complex adaptive programs that promote the persistence of a fraction of the original cell population, facilitating the eventual outgrowth of inhibitor-resistant tumor clones. We show that the addition of a newly identified CDK7/12 inhibitor, THZ1, to targeted therapy enhances cell killing and impedes the emergence of drugresistant cell populations in diverse cellular and in vivo cancer models. We propose that targeted therapy induces a state of transcriptional dependency in a subpopulation of cells poised to become drug tolerant, which THZ1 can exploit by blocking dynamic transcriptional responses, remodeling of enhancers and key signalling outputs required for tumor cell survival in the setting of targeted therapy. These findings suggest that the addition of THZ1 to targeted therapies is a promising broad-based strategy to hinder the emergence of drug-resistant cancer cell populations.
Introduction
Large-scale genomic profiling efforts have facilitated the characterization of molecular alterations in cancers and aided the development of targeted kinase inhibitors for a wide array of cancer types. However, resistance to these targeted therapies invariably develops and limits their clinical efficacy (1) (2) (3) . Resistance often emerges following an initial period of drug responsiveness via clonal evolution of the cancer cell population. This may entail acquisition of treatment-refractory mutations in the original target (4, 5) , reactivation of key downstream effectors of the targeted pathway (6, 7) , activation of alternative signalling pathways (8, 9) , or cell state changes (10) which render the cell population indifferent to the original therapy. The emergence of acquired resistance is facilitated by the rapid induction of a complex network of pro-survival and pro-proliferative pathways upon exposure to targeted therapy (11) (12) (13) , collectively promoting the persistence of a fraction of the original population in a drug-tolerant state (14) and permitting the eventual outgrowth of resistant clones.
We hypothesized that repression of the transcriptional changes that underlie the adaptive pro-survival and pro-proliferative responses induced by targeted therapy would interfere with the establishment of the drug tolerant state, resulting in improved therapeutic efficacy. This would be advantageous clinically as it would circumvent having to anticipate, elucidate, and target the myriad of potential drug resistance mechanisms that might arise in a particular patient. To test our hypothesis, we employed a novel transcriptional repressor, THZ1 (15) . THZ1 is a covalent CDK7 inhibitor, which additionally targets CDK12 at higher doses (15) . CDK7 is a key regulator of the cell cycle (16) (17) (18) , and together with CDK12, regulates RNA polymerase II (RNAPII)-mediated transcription (19) (20) (21) (22) (23) . Prior studies have identified subsets of cancers with marked sensitivity to THZ1 monotherapy (T-cell acute lymphoblastic leukemia (15) , MYCN-dependent neuroblastoma (24) , small cell lung cancer (25) , and triple negative breast cancer (26) ). Vulnerability to THZ1 has been shown to be mediated by a strong dependency on specific oncogenes regulated by super-enhancer elements, and their corresponding transcriptional circuits (i.e., RUNX in acute lymphoblastic leukemia, MYCN in neuroblastoma, and in the case of triple negative breast cancer a core set of genes termed the "Achilles cluster" (15, 24, 26) ). Importantly, THZ1 has been shown to be typically welltolerated in mouse models, suggesting a therapeutic index for this agent in combination therapy approaches (15, 24, 25) , (26) . Here, we sought to test whether there may be a basis for therapeutic synergy among THZ1 and targeted cancer therapies in a variety of oncogenedriven cancer models, and specifically, whether transcriptional CDK inhibition may be a novel therapeutic approach to impede the ability of cancer cells to persist in the setting of targeted cancer therapy. For ease of reading, we use the term targeted therapy here to refer to small molecule inhibitors of receptor tyrosine kinases and additional signal transduction kinases (e.g. MEK1/2, BRAF). THZ1 as an inhibitor of CDK7 could also be classified as targeted therapy, although we do not refer to it as such herein.
Results

THZ1 suppreses the emergence of resistant cell populations in vitro
To determine whether THZ1 can suppress the emergence of resistant cancer cell populations, we first performed colony formation assays in vitro in a panel of well-established oncogenedependency models with diverse receptor-tyrosine kinase dependencies and lineages (Fig.  1a ,b, and Supplementary Fig. 1a, Supplementary Fig. 2a ). Of note, despite low nanomolar potency of targeted agents in the models employed ( Supplementary Fig. 1a ), resistant cell populations were readily detected by four weeks of kinase inhibitor treatment, underscoring the need for strategies that further enhance the efficacy of targeted therapies (Fig. 1a,b and Supplementary Fig. 2a ). The models employed exhibited variable sensitivity to THZ1 monotherapy; however, in the majority of models high-dose THZ1 (e.g. 1 μM or higher) eliminated all or nearly all cells at 96 hours ( Supplementary Fig. 1b ) as THZ1 acts as a general suppressor of transcription at high doses akin to actinomycin (15) . To avoid general toxicity associated with high-dose THZ1 and to assess for therapeutic synergy with targeted kinase inhibitors we employed sub-lethal low nanomolar doses, corresponding approximately to the IC 50 of THZ1 ( Supplementary Fig. 1a ). This dose of THZ1 approximated the minimal dose which produced a robust response in combination with targeted kinase inhibitors. At these sub-lethal doses colony formation at four weeks with THZ1 treatment alone was comparable to control. Colony formation with targeted tyrosine kinase inhibition alone had variable effect with up to 90% reduction in colony formation compared to control depending on the cellular model, however yielded resistant colonies in all models (Fig. 1a,b and Supplementary Fig. 2a ). In contrast, combination treatment with THZ1 and targeted kinase inhibition, yielded few, or no detectable colonies. Combination treatment also significantly enhanced cell death at an early time point (48 hours) compared to either single agent alone (Fig. 1c, and Supplementary Fig. 2b ). We observed an equally striking effect when treating with THZ1 in combination with a MEK-inhibitor (trametinib) in KRAS-mutant NSCLC or gastric cancer cellular models, and with THZ1 in combination with a BRAF-inhibitor (vemurafenib) in a BRAF-mutant melanoma model (Fig. 1d-f , Supplementary Fig. 1a,b and Supplementary Fig. 2a) . Additionally, colony formation results at four weeks were maintained in long-term assays with no detectable drug-resistant colonies noted in combination-treated wells at three months ( Supplementary Fig. 2c ). We considered the specificity of the observed synergy by performing colony formation assays with THZ1 in combination with kinase inhibitors not targeting the dependency of the cellular model tested (e.g., A549, a KRAS-dependent model, was treated with crizotinib (a MET/ALK inhibitor) instead of trametinib), and we found that combination treatment with a mismatched kinase inhibitor plus THZ1 had no effect on colony outgrowth ( Supplementary  Fig. 2d ). Taken together, these data suggest that THZ1 broadly has the ability to prevent resistance emergence to targeted kinase inhibition in diverse genetic contexts and lineages.
THZ1 as an adjunct to targeted therapy may offer a more broadly applicable strategy to rational combination therapy approaches
We further compared our results with one of the prominent approaches for addressing resistance, namely rational combination therapy employing two or more kinase inhibitors to simultaneously target both the driver-oncogene and previously identified resistance mechanisms (3, (27) (28) (29) (30) . We tested rational combination therapies in RT112, PC9 and H3122 cells, using BGJ398, erlotinib, or crizotinib respectively, in combination with agents targeting known resistance mechanisms for these cell lines (8, (31) (32) (33) (34) (35) (36) . As expected, rational combination therapy decreased the proportion of cells surviving acute treatment at 96 hours ( Supplementary Fig. 2e) , and reduced the outgrowth of resistant clones with variable success at four weeks and three months ( Supplementary Fig. 2f,g ). Rational combination therapy with targeted kinase inhibition and MEK or PI3K inhibition conferred the greatest decrease in colony formation at three months across the three models. Approaches utilizing these rational combinations have however been challenging to translate clinically due to toxicity which has compromised the ability to assess their clinical efficay (37) (38) (39) (40) . In contrast to the rational combination therapy approaches we tested, THZ1 in combination with targeted therapy consistently yielded no detectable colonies across all tested backgrounds at time points up to three months ( Supplementary Fig. 2f,g ).
CDK7 or CDK12-deficient cells display enhanced sensitivity to targeted therapy
To confirm that the therapeutic effects noted with THZ1 are due to CDK7 and/or CDK12 inhibition, we tested whether genetic depletion of CDK7 or CDK12 mimics the effects of THZ1 treatment. We generated CDK7 or CDK12-deficient PC9 cells using CRISPR-Cas9 gene editing ( Supplementary Fig. 3a,b) . Both CDK7 and CDK12-deficient PC9 cells displayed enhanced sensitivity to erlotinib at 48 hours as compared to PC9 cells with a control RNA guide (CDK7_12_dummy) (Supplementary Fig. 3c ). CDK12 depletion, however, had more modest effects. We furthermore performed colony formation assays with CDK7 or CDK12-deficient PC9 cells; however, the general cytotoxicity of CDK7 or CDK12 depletion precluded the performance of longer-term experiments. In an orthogonal approach we performed colony formation with THZ531, a recently described selective covalent CDK12 inhibitor (41) . THZ531 demonstrated therapeutic synergy with BGJ398 in RT112, and erlotinib in PC9, corroborating the data from CDK12-deficient PC9 cells ( Supplementary Fig. 3d ,e). These findings suggest that the synergy noted with THZ1 in combination with targeted therapies is conferred through inhibition of CDK7 and CDK12.
THZ1 in combination with targeted therapy retards tumor growth and improves survival in vivo
To assess the efficacy and toxicity of targeted therapy in combination with THZ1 in vivo, we performed xenograft studies using cell-line models of FGFR-mutant bladder carcinoma (RT112) and EGFR-mutant NSCLC (PC9) (Fig. 2a, Supplementary Fig. 4a ). Tumor-bearing mice were treated with a) vehicle, b) BGJ398 (RT112) or erlotinib (PC9), c) THZ1, or d) combination treatment with the appropriate targeted therapy and THZ1. THZ1 in combination with targeted therapy retarded tumor growth compared to THZ1 or targeted therapy alone ( Supplementary Fig.4a ), and significantly improved survival (Fig. 2a) . Importantly, combination therapy was well tolerated, with no weight loss or behavioral changes observed ( Supplementary Fig. 4d ).
In addition, we tested THZ1 in combination with the covalent T790M-mutant-EGFR selective inhibitor, WZ4002 (42) , in a novel EGFR-T790M-L858R LSL/− ; p53-R172H LSL/− (TLP) genetically-engineered mouse model (GEMM) of NSCLC (Fig. 2b) . L858R is an activating mutation of EGFR, T790M is a gatekeeper mutation which confers decreased sensitivity to first and second generation EGFR inhibitors, and p53-R172H is a dominant negative p53 mutation that is found in 38% of EGFR-mutant NSCLC and is associated with more advanced, aggressive disease (43) . Upon detectable tumor-burden by Magnetic Resonance Imaging (MRI) mice were randomized into treatment groups (Fig. 2b) . Thereafter tumor growth was evaluated by biweekly MRI. Treatment with WZ4002 resulted in initial response at two weeks (p=0.0117, two-tailed t-test); however, tumors rapidly developed resistance and rebounded by four weeks, reaching end-stage disease by five weeks of treatment, emphasizing the aggressive nature of this EGFR-mutant, p53-mutant GEMM. In stark contrast, combined THZ1-WZ4002 treatment resulted in a dramatic response with extensive long-term tumor regression (Fig. 2c, d ). Mice in the combination arms continued to have significant tumor regression at 14 weeks of treatment (Fig. 2c, right  panel) . Furthermore, combination-treated mice had 100% survival vs. 0% survival for single-agent treated mice at 14 weeks (p=0.0019, log-rank test) (Fig. 2e) , and no overt toxicity was evident in the combination-treated animals despite long-term treatment ( Supplementary Fig. 4d ).
We further tested THZ1 in combination with crizotinib in a previously published GEMM of EML4-ALK NSCLC (44) (Supplementary Fig. 4b,c) . Mice in the combination treatment arm had significant tumor regression compared to crizotinib-treated mice (p=0.013, two-tailed ttest). In this model however, mice treated with THZ1 (or combination treatment) developed complications secondary to twice daily intraperitoneal injections (i.e., scarring, ascites, peritonitis) with longer-term dosing. The increased complications may be related to differences in the background, as C57BL/6 (TLP model) and Nu/Nu mice (xenograft studies) tolerated THZ1 administration well compared to mice on a mixed genetic background (EML4-ALK model).
Consistent with prior in vivo studies (15, 24, 25) , (26) we show that intraperitoneal administration of THZ1 10 mg/kg BID is sufficient to saturate CDK7 binding in TLP GEMM tumor nodules and liver ( Supplementary Fig. 4e ).
THZ1 impedes the engagement of targeted therapy-induced transcriptional programs that promote tumor cell survival
To investigate the mechanisms by which THZ1 may enhance cell death and suppress resistance emergence in combination with targeted therapy we examined gene expression by RNA-seq in six independent cellular models representing diverse oncogenic dependencies and lineages (RT112, PC9, H3122, A375, N87, A549). Cells were treated for 48 hours with vehicle, THZ1, the corresponding targeted therapy, or combined THZ1 and targeted therapy treatment. Treatment with targeted kinase inhibitors induced extensive, but variable degrees of change in gene expression across the cellular models studied ( Fig. 3a and Supplementary  Fig. 5a ). Consistent with prior work targeted therapy up-regulated the expression of genes involved in pro-survival programs, including NF-κB-, STAT-and TGF-β-driven transcription programs (12, 13, 45, 46) (Supplementary Fig. 5b ). Cell lines had gene expression changes suggesting MAPK reactivation, including downregulation of negative regulators of the MAPK pathway (i.e., DUSP, SPRED and SPRY family members) ( Supplementary Fig. 5b ). We also noted FRA1 (FOSL1) downregulation consistent with activation of the previously described tumor secretome (11) , and upregulation of stemness factors, such as Wnt/Hedgehog and SOX family members. Downregulation of cell cycle genes and upregulation of cell senescence programs further suggested transition to a quiescent cell state ( Supplementary Fig. 5b ). Importantly, the specific genes altered were generally distinct between the cell lines but highlighted programs serving similar functions, many of which have previously been implicated in drug-resistance (11-13, 31, 47-49) . The original characterization of drug tolerant persisters (14) was performed at later time points, thus we confirmed that gene expression changes induced at 48 hours were stable by comparing with gene expression following seven days of treatment with targeted therapy. Indeed we found that the transcriptional programs induced and repressed at 48 hours were largely maintained at seven days, suggesting that this earlier time point is reflective of the drug tolerant state ( Supplementary Fig. 5c ).
Changes in gene expression induced by targeted therapy were significantly attenuated in the combination-treated arm; a finding that was most prominent in RT112, PC9, and A375, however consistent across all six models (Fig. 3a , and Supplementary Fig. 5a ,b,d). Interestingly, combination treatment attenuated the expression of genes upregulated by targeted therapy, as well as of those downregulated by targeted therapy (i.e., these genes were less repressed in the combination treated arm). Supervised analyses further corroborated that THZ1 is interfering with the establishment of the adaptive responses to targeted therapy ( Supplementary Fig. 5b ). We noted, for instance, a diminished upregulation of NF-κB/Interferon pathway members, such as TNFSF10, MX1 and MX2 in RT112 combination-treated cells compared to BGJ398-treated cells. Lastly, in contrast to the gene expression changes noted with targeted therapy, treatment with low-dose THZ1 alone did not alter gene expression extensively (Fig. 3a , and Supplementary Fig. 5a , b, e).
We next considered which genes were most perturbed across all six models by combination treatment compared to targeted therapy alone, and found that only 34 genes were downregulated across multiple cell lines (three or more lines with ≤ − 1.5 log2-fold change). This small subset of most perturbed genes was enriched for transcription factors (e.g. EGR1, JUN, KLF2, FOS and their target genes) (Fig. 3b) . These findings suggest that targeted therapy may induce a state that is dependent on the activity of these transcription factors, and is consistent with the finding that THZ1-sensitive cell lines have overexpression of oncogenic transcription factors and factors involved in the regulation of RNAPII-driven transcription (15) . To further investigate the significance of EGR1 downregulation in the adaptive response to targeted therapy, we generated EGR1-deficient PC9 cells and performed colony formation assays with vehicle, erlotinib, THZ1 or combination therapy. Knockdown of EGR1 resulted in significantly diminished colony formation following erlotinib treatment compared to sg dummy PC9 cells, thus partly phenocopying the effect of THZ1 in combination with erlotinib ( Supplementary Fig. 6a ,b). EGR1 knockdown however had no effect on colony formation with THZ1 treatment alone or combination treatment. These findings further corroborate the importance of EGR1, and EGR1-dependent programs, for the adaptive rewiring to targeted therapies.
Considering shared upregulated genes across the six models with combination treatment versus targeted therapy alone we noted an enrichment for histone proteins ( Supplementary  Fig. 7a ). CDK7 inhibition has been shown to impair the 3′-end processing of histone mRNAs, leading to aberrant polyadenylation (22) , which may result in an artifactual gain of histone mRNA signal in the RNAseq analysis.
THZ1 prevents the rapid and dynamic remodeling of the enhancer landscape elicited by targeted therapies
Given that tumor cells acquire enhancers and super-enhancers at genes that control tumor cell identity [46] [47] [48] [49] , and that THZ1 has been shown to disproportionally perturb superenhancer-driven transcription [8] [9] [10] , we asked whether targeted therapy induces changes in the enhancer landscape in our models and whether THZ1 has an impact on enhancer remodeling. To address this we performed ChIP-seq for BRD4, a member of the bromodomain and extraterminal domain family of transcriptional coactivators and elongation factors (50) . BRD4 localizes at enhancers and promoters and is known to be rapidly and dynamically regulated in response to such factors as NF-κB pathway activation (51) , and most recently in response to inhibition by MEK1/2 in triple-negative breast cancer (52) .
We found that targeted therapy led to a redistribution of BRD4 occupancy, and the addition of THZ1 attenuated the gain and loss of BRD4 signal elicited by targeted therapy at superenhancers, as well as typical enhancers (Fig. 3c,d ,e and Supplementary Fig. 8a,b,c) . In line with our transcriptome findings, changes in BRD4 signal density induced by targeted therapy varied greatly across models ( Supplementary Fig. 8c ), and these changes were largely maintained at seven days ( Supplementary Fig. 8d ). Furthermore, super-enhancer associated genes had higher expression than typical enhancers, and changes in the enhancer landscape paralleled those in gene expression ( Supplementary Fig. 9a,b) . Interestingly, THZ1 monotherapy also induced changes in BRD4 signal density that varied considerably across models ( Fig. 3c and Supplementary Fig. 8a,c) , however these changes did not correspond to significant effects on transcription or cell viability. Taken together these findings suggest that THZ1 impinges on the ability of tumor cells to efficiently redistribute transcription factors and remodel enhancers that allow them to escape targeted kinase inhibition.
Repression of the adaptive responses to targeted therapy by THZ1 results in more complete ERK suppression
The adaptive responses to targeted therapy have previously been shown to re-activate key survival pathways, such as AKT/PI3K and ERK/MAPK (31, 32, 34, 53, 54) , therefore we performed a targeted immunoblotting analysis in a subset of cellular models to consider activation of these key survival pathways. We found that combination treatment with THZ1 and targeted therapy resulted in enhanced AKT pathway suppression in receptor-tyrosine kinase dependent models, and more complete ERK suppression in all cell lines tested (Fig.  3f, Supplementary Fig. 10a ). These data, along with the finding that MAPK pathway repressors, such as DUSPs, are downregulated with targeted therapy (Supplementary Fig.  5b ), suggests that the transcriptional reprogramming engaged by targeted therapy converges in part on MAPK reactivation. Downregulation or deletion of MAPK negative regulators leading to MAPK reactivation has previously been shown to confer resistance to FGFR and ALK inhibition in lung cancer (32, 53) , BRAF inhibition in melanoma (55) , MET inhibition in gastric cancer (56) , and to MEK inhibition more broadly (57) . To further consider the role of MAPK in our models we knocked down two well-described negative regulators of MAPK, NF1 and SPRED2, in PC9 cells. NF1 or SPRED2 knockdown resulted in an observable rescue from erlotinib and to a lesser degree erlotinib plus THZ1 treatment ( Supplementary Fig. 10b-e) . We further examined ERK activity in NF1 or SPRED2-deficient PC9 cells following treatment with vehicle, erlotinib, THZ1 or erlotinib plus THZ1 ( Supplementary Fig. 10f ). NF1 and SPRED2-deficient cells displayed greater ERK activity following erlotinib or combination treatment, compared to sg dummy PC9 cells. Combination treatment nevertheless resulted in comparatively enhanced ERK suppression compared to erlotinib treatment alone. Cumulatively these findings suggest that ERK activity is a key component of the cellular survival program in the context of targeted therapy, and that repression of the adaptive responses to targeted therapy, by THZ1, more fully suppresses this component.
Discussion
A growing body of evidence suggests that tumors are able to evade targeted cancer therapies by an extensive repertoire of resistance mechanisms (7, 11, 34) . This poses a significant therapeutic challenge, as it may not be feasible to target the multitude of potentially relevant escape pathways in each individual patient. Recent studies indicate that targeted therapies acutely elicit pro-survival and pro-proliferative responses, which promote the persistence of a drug-tolerant population and facilitate resistance emergence (11) (12) (13) (14) . We hypothesized that we may be able to interfere with the adaptive reprogramming response and enhance the efficacy of targeted cancer therapy by employing a novel transcriptional repressor, THZ1.
THZ1 is a covalent CDK7/12 inhibitor with reported single agent activity in T-cell acute lymphoblastic leukemia(15), MYCN-dependent neuroblastoma (24) , small cell lung cancer (25) , and triple negative breast cancer (26) , and recently in combination with BH3 mimetic drugs in peripheral T-cell lymphomas (58) . Here we show that THZ1's mode of action may also be leveraged to prevent resistance emergence to targeted therapies. THZ1 in combination with targeted therapies resulted in significantly enhanced cell death and decreased resistance emergence in cellular cancer models and led to significant tumor regression and increased survival in vivo in xenograft models and immunocompetent genetically-engineered mouse models. Notably, these findings were broadly applicable across diverse oncogenic dependencies and lineages, suggesting that CDK7/12 inhibition may be a promising broad-based strategy for enhancing the effectiveness of targeted therapies.
As noted, THZ1 is a covalent inhibitor of both CDK7 and CDK12, and we cannot from our study conclude the extent to which the inhibition of CDK7 or CDK12 contributes to the noted therapeutic effect. CDK7 and CDK12-specific compounds are in development and will aid in determining the contribution of each to the noted synergy. Here we show that genetic depletion of CDK7 or CDK12 resulted in enhanced sensitivity to erlotinib in PC9 cells, and additionally that a novel covalent CDK12-specific compound, THZ531(41), as an adjunct to targeted therapy, results in comparable synergy to THZ1 in colony formation studies. These findings suggest roles for both CDK7 and CDK12 in the noted therapeutic synergy. CDK7-specific compounds were not tested as none are currently published.
Consistent with prior studies we noted that high-dose THZ1 or genetic depletion of CDK7 or 12 is cytotoxic. Kwiatkowski et al have previously shown that high-dose THZ1 results in complete CDK7 inhibition, leading to global downregulation of steady-state mRNA levels by 12 hours with a concomitant dramatic loss of cell viability, while low-dose THZ1 only downregulates a subset of transcripts (15) . This subset of preferentially downregulated transcripts largely consists of oncogenes whose high-level expression is driven by superenhancers, as well as additional genes that form the core regulatory circuitry of these oncogenes. In the current study, we employed lower doses of THZ1 (~IC 50 ), at which transcription was modestly affected by monotherapy (Supplementary Fig. 5e ) and cell viability effects were minimal, suggesting incomplete target inhibition. Our data suggest that this partial CDK7/12 inhibition is sufficient to hinder enhancer remodeling and the establishment of novel transcriptional circuits elicited by targeted therapy. Thus, akin to models intrinsically sensitive to THZ1, where low-dose THZ1 disrupts the transcription of key transcription factors thus interfering with core pre-existing oncogenic circuits, we believe that THZ1 in the setting of targeted therapy disrupts the establishment of novel prosurvival circuits, possibly by lowering levels of transcription factors key to the reprogramming process.
Consistent with prior studies we found that targeted therapies acutely induce extensive transcriptional changes that support drug-resistance emergence (11-13, 31, 47, 48) . Our data suggest that although similar adaptive responses are engaged across diverse models (e.g., NF-κB/STAT pathway activation), the specific molecules involved in the adaptive reprogramming response vary based on the specific cellular context (e.g., IGFBP5 was upregulated by BGJ398 in RT112, while IGFBP2 was upregulated by trametinib in A549). These results are consistent with the extensive heterogeneity noted in the adaptive kinome response to lapatinib in ERBB2-dependent breast cancer cell lines (59) , and further highlight the advantages in preventing the adaptive reprogramming response as a whole, rather than targeting individual tumor type-specific components.
We additionally found that targeted cancer therapies elicit a rapid and dynamic remodeling of the enhancer landscape across a spectrum of solid cancer models, supporting transcriptional programs that facilitate resistance emergence. Acute remodeling of enhancers, has been shown to occur in response to pro-inflammatory stimuli, leading to rapid inflammatory gene activation (51, 60) , and recently in response to MEK1/2 inhibition in triple-negative breast cancer models (52) . Our mechanistic studies across multiple cellular cancer models suggest that CDK7/12 inhibition, by THZ1, prevents active enhancer formation at genes promoting resistance emergence in response to targeted therapy and impedes the engagement of the transcriptional programs and signaling outputs that characterize the drug tolerant state. Curiously, we found that THZ1 monotherapy, at the low doses employed in the study, had widely varying effects on BRD4 distribution at enhancers across cellular models, yet did not lead to significantly altered transcriptional outputs or decreased cellular viability.
Our work builds conceptually on prior studies that have suggested that blocking the adaptive reprogramming elicited by targeted therapy may have a therapeutic impact in cancer models. Several studies have shown that HDAC inhibitors can suppress, in vitro, the emergence of drug resistance (7, 14) . Furthermore, HDAC inhibitors in combination with targeted therapies, have been tested in several early phase clinical trials in solid cancers (61) (62) (63) (64) (65) (66) (67) . However, the majority have unfortunately shown minimal, or no, response, emphasizing the need for additional strategies to counter resistance. In addition, Stuhlmiller et al. (59) have shown that BET bromodomain inhibition can suppress the transcription of lapatinib-induced kinases in ERBB2-dependent breast cancer cell lines, preventing downstream SRC/FAK signalling and AKT reactivation, and arresting growth in vitro. These findings were recently extended to triple-negative breast cancer models, showing that pharmacological inhibition of BRD4 can prevent resistance emergence to MEK inhibition (52) . Further in vitro and in vivo studies are necessary to delineate differences in the mechanism of action of BET inhibition, compared to CDK7/12 inhibition, in the context of therapeutic synergy with targeted therapies in diverse clinical settings.
Cancer cells that are highly dependent on transcription for maintenance of their oncogenic state, so-called transcriptionally addicted cells, have previously been shown to be highly susceptible to THZ1 monotherapy (15, 24, 25) . Here, we propose a model whereby targeted therapy induces a state of acquired transcriptional addiction, in a subpopulation of cells poised to become drug tolerant, that is thereby highly vulnerable to THZ1 treatment. This provides a potentially powerful therapeutic intervention that obviates the need to anticipate or elucidate the myriad of drug resistance mechanisms that might arise in a particular patient.
Methods
Cell lines
RT112, PC9, NCI-H3122, N87, OE19, NCI-H2077, NCI-H1975, HCC827, EBC-1, NCI-H1703, A549, NCI-H23, NCI-H1792, and GSU were cultured in RPMI media, and A375 and NCI-H2009 were cultured in DMEM. Both types of media were supplemented with 10% FBS, and penicillin/streptomycin/L-glutamine. All cell lines were cultured at 37 °C in a humidified chamber in the presence of 5% CO2. Cell lines were obtained from ATCC, Sigma-Aldrich, or collaborating labs primarily in 2014. A375, N87, EBC-1, GSU, and NCI-H2009 were obtained in 2009. Cell lines were not authenticated. Cells were not passaged for more than 6 months. Cell lines used for RNAseq/ChIP-seq studies and for animal studies were mycoplasma tested and negative (MycoAlert PLUS, Lonza).
Cell viability assays
1500 cells were seeded in 96-well plates, allowed to adhere overnight, and then incubated with media containing vehicle or drug as indicated for 96 h. Following 96 h, cell viability was assessed using the CellTiter-Glo Luminescent Cell Viability assay (Promega). Plates were read on a Tecan Infinite M200 Pro plate reader. All conditions were tested in triplicate, unless otherwise noted. Drug curves and IC 50 values were generated using GraphPad Prism 6 (GraphPad Software).
Colony formation assays
100 000 cells were seeded in 6-well plates, allowed to adhere overnight, and then incubated with media containing vehicle or drug as indicated for four weeks, unless otherwise noted. Media (and drug) were replaced weekly. At 4 weeks plates were fixed with 1% paraformaldehyde and then stained with 0.1% crystal violet as previously described (http:// medicine.yale.edu/lab/kim/resources/protocols/cell/crystal_violet_stain.aspx) to assess colony formation. Control wells were stained by one week. Results were quantified using an ImageJ Colony Area PlugIn (68) . Values of less than 1% on the quantification were considered as not detectable (ND). Drug doses were as follows: RT112: BGJ398 1 μM, THZ1 100 nM ( Figure 1 
Apoptosis/cell death analysis
100 000 cells were seeded in 6-well plates, allowed to adhere overnight, and then incubated with media containing vehicle or drug as indicated for 24 h or 48 h. Cell death was quantified using the Alexa Fluor 488 Annexin V/Dead Cell Apoptosis kit for flow cytometry (Invitrogen), according to the manufacturer's protocol. All conditions were assayed in triplicate. Data were acquired using a BD LSRFortessa X-20 (BD Biosciences), and analyzed in FlowJo.
Xenograft tumor studies
Xenograft studies were approved by the Dana Farber Cancer Institute Animal Care and Use Committee. RT112, PC9, and A549 xenograft models were established by subcutanoues (s.c.) injection of 2 × 10 6 cells in Matrigel (Corning) into both flanks of nude mice (NU/NU, #088 Charles River) when animals were 8-10 weeks of age. The xenograft studies were powered to include 5 mice (10 tumors per treatment group) providing 82% power to detect an underlying difference in survival between 70% and 10% at eight weeks in Fisher's exact test at a one-sided 0.05 level. When tumors reached between 100-200 mm 3 , as measured by caliper, mice were randomized to four groups of five female mice each, for each cell line: 1) vehicle, 2) BGJ398 (RT112), erlotinib (PC9) or trametinib (A549), 3) THZ1, or 4) combination treatment with THZ1 plus BGJ398 (RT112), erlotinib (PC9) or trametinib (A549). The animals were randomized to treatment using simple randomization by cage. Investigators were not blinded to group allocation. The following dosing regimens were employed: BGJ398 15 mg/kg once daily (QD) by oral gavage, erlotinib 25 mg/kg QD by oral gavage, trametinib 2.5 mg/kg QD by oral gavage, and THZ1 10 mg/kg twice daily (BID) by intraperitoneal (i.p.) injection. BGJ398 was dissolved in PEG300, erlotinib was dissolved in 0.5% methylcellulose and 0.4% Tween 80, and THZ1 was dissolved in 10% DMSO in D5W. Caliper measurements were then performed weekly and continued for eight weeks. A549 xenografts had severe ulcerations therefore were excluded from the study. RT112 xenografts had one mouse in the combination-treated group that was censored at week 5 (found dead, cause not known, tumor size small). PC9 xenografts had one mouse in the erlotinib-treated arm censored at week 1 due to ulceration.
Genetically-engineered EGFR-p53-mutant NSCLC mouse model
The study was approved by the Dana Farber Cancer Institute Animal Care and Use Committee. Mice (both male and female) bred to contain conditional EGFR-T790M-L858R lox-stop-lox (LSL) allele and the p53-dominant negative R172H LSL allele to a final genotype of EGFR-T790M-L858R LSL/− ; p53-R172H LSL/− maintained on a mixed background, were induced at 6 weeks of age with Adenovirus-Cre recombinase by intranasal administration (69) to allow for Cre-mediated recombination of lox-stop-lox modified mutant-EGFR and p53 alleles. Upon clinical signs of disease magnetic resonance imaging (MRI) was performed to establish pre-treatment tumor burden in the lungs (generally 16-20 weeks of age). Mice were imaged using a 7 Tesla BioSpec (Bruker Biospin) optimized for image requisition of pulmonary parenchyma and vessels in mice. Animals were anesthetized with 2% isoflurane IsoFlo; Abbott) in 100% oxygen via a nose cone. Respiratory and cardiac gating was applied to minimize motion artifacts during imaging. 24 slices (1 mm) were collected. Tumor volume per animal was quantified manually, based on a minimum of eight consecutive axial image sequences, using the 3D Slicer. Upon determination of the pre-treatment volume, mice were randomized (by simple randomization) into treatment groups as follows: 1) vehicle, 2) WZ4002 (covalent T790M-mutant-EGFR selective inhibitor, 50 mg/kg QD by oral gavage) 3) THZ1 (10 mg/kg, BID, i.p.) or 4) THZ1+WZ4002. WZ4002 was dissolved in 5% N-methylpyrrolidone, and THZ1 in 10% DMSO in D5W. Pharmacokinetics properties of THZ1 are provided in Kwiatkowski et al. (15) , and Wang et al. (26) Investigators were not blinded to group allocation. Mice were imaged biweekly by MRI until end-stage disease to determine tumor volume. Mice weights and signs of toxicity were monitored daily during the course of treatment. End-stage disease was reached when animals acquired clinical symptoms secondary to their lung tumors, in accordance with Dana Farber Cancer Institute Animal Care and Use Committee regulations.
Genetically-engineered EML4-ALK NSCLC mouse model
This study was approved by the Dana Farber Cancer Institute Animal Care and Use Committee. A previously described GEMM of NSCLC with doxycycline-inducible EML4-ALK was employed (70) . Upon determination of the pre-treatment volume by MRI (as described above for the TLP GEMM), mice were randomized into treatment groups as follows: 1) vehicle, 2) crizotinib (50 mg/kg QD by oral gavage) 3) THZ1 (10 mg/kg, BID, i.p.) or 4) THZ1+crizotinib. Investigators were not blinded to group allocation. Crizotinib was dissolved in 5% hydroxypropyl methylcellulose, and THZ1 in 10% DMSO in D5W. Mice were imaged at two weeks and at four weeks by MRI to determine tumor volume. Mice weights and signs of toxicity were monitored daily during the course of treatment. End-stage disease was reached when animals acquired clinical symptoms secondary to their lung tumors, in accordance with Dana Farber Cancer Institute Animal Care and Use Committee regulations.
RNA-seq analysis
RNA was isolated from RT112, PC9, H3122, A375, N87, and A549 following treatment with DMSO, the appropriate targeted therapy, THZ1, or targeted therapy in combination with THZ1 at the doses used in colony formation assays (see above relevant section for dosing). Cells were harvested following 48 hours of treatment. For the targeted therapy arm cells were also harvested following 7 days of treatment. Cell number was determined and total RNA was isolated using the RNeasy micro kit (Qiagen). Ambion® ERCC RNA SpikeIn Mix (Life technology) was added to total RNA. cDNA libraries were prepared using the NEBNext Ultra ™ RNA Library Prep Kit for Illumina (New England Biolabs) according to the manufacturer's instructions. Library integrity was assessed on an Agilent 2100 Bioanalyzer (Agilent). Sequencing was performed on the HiSeq 2000 platform (Illumina) to a minimum depth of 30 million reads per sample.
QC-passed reads were aligned to the human reference genome (hg19) using bowtie2(71) and quantified as gene-level read counts using RSEM (72) . Genes assigned less than five reads in all samples were removed. For each cell line analyzed at given time point and conditions (untreated, THZ1-treated, targeted therapy-treated, and combination-treated), read count data was post-processed by removing lowly-expressed genes, applying data normalization, and calculating differential expression. Only genes expressing over ten reads in at least three samples were retained. Read counts were normalized to log-counts-per-million values with the voom transformation (73) . Expression changes for each gene in treated cells compared to untreated controls was determined using the limma package(74) as log2-transformed fold change and a multiple-testing adjusted p-value. Heatmap visualization was performed using R. Log2-transformed fold changes were not scaled and were colored on a blue-red scale.
EGR1 target genes were defined based on JASPAR Predicted Transcription Factor Targets(75) (http://amp.pharm.mssm.edu/Harmonizome/dataset/JASPAR+Predicted +Transcription+Factor+Targets).
Chromatin Immunoprecipitation
RT112, PC9, H3122, A375, N87, and A549 cells were treated for 48 hours with vehicle, targeted therapy, THZ1, and targeted therapy in combination with THZ1 at the doses employed in colony formation assays (see above relevant section for dosing). Cells were crosslinked for 10 min at room temperature by the addition of one-tenth of the volume of 11% formaldehyde solution (11% formaldehyde, 50mM HEPES pH 7.5, 100mM NaCl, 1mM EDTA pH 8.0, 0.5mM EGTA pH 8.0) to the growth media followed by 5 min quenching with 2.5 M glycine. Cells were washed twice with PBS, the supernatant was aspirated and cells collected, and the cell pellet was flash frozen in liquid nitrogen. Frozen crosslinked cells were stored at −80°C. 50 μL of Dynal magnetic beads (Sigma) were blocked with 0.5% BSA (w/v) in PBS. Magnetic beads were bound with 10 μg of the indicated antibody. For BRD4 occupied regions, we performed ChIP-seq experiments using a Bethyl antibody (cat# A301-985A100). For H3K27Ac occupied regions, we performed ChIP-seq experiments using an Abcam antibody (cat# AB4729, lot#GR183922-1). Crosslinked cells were lysed with lysis buffer 1 (50mM HEPES pH 7.5, 140mM NaCl, 1mM EDTA, 10% glycerol, 0.5% NP-40, and 0.25% Triton X-100), pelleted and resuspended in lysis buffer 2 (10 mM TrisHCl pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA). The subsequent pellet was resuspended in and sonicated in sonication buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8.0, 1 mM EGTA, 0.1% Na-deoxycholate, 0.1% SDS, and 1% Triton X-100). Lysates were sonicated for 4 minutes (1-second 'ON' and 4-seconds 'OFF') at 40% amplitude on a QSonica Sonicator on ice. Sonicated lysates were cleared and incubated overnight at 4°C with magnetic beads bound with antibody to enrich for DNA fragments bound by the indicated factor. Beads were washed two times with sonication buffer, one time with sonication buffer with 500 mM NaCl, one time with LiCl wash buffer (10 mM TrisHCl pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate) and one time with TE buffer. DNA was eluted in elution buffer (50 mM TrisHCl pH 8.0, 10 mM EDTA, 1% SDS). Cross-links were reversed overnight. RNA and protein were digested using RNase A and Proteinase K, respectively, and DNA was purified with phenol chloroform extraction and ethanol precipitation.
ChIP-Seq Analysis
Illumina sequencing libraries were generated and data was processed according to (76) . In brief, libraries were generated following the Illumina TruSeqTM DNA Sample Preparation v2 kit protocol with minor changes. All ChIP-Seq data sets were aligned using bowtie to build NCBI36/hg19 of the human genome with -p 4 --best -k 2 -m 2 --sam -l 40. Wiggle files for gene tracks were created using MACS(77) 1.4.2 with options -w -S -space=50 to count reads in 50bp bins. These were divided by the number of treatment reads to normalize to mapped-reads-per-million, and were displayed in the UCSC genome browser.
Super-enhancers were identified using BRD4 ChIP-Seq and the ROSE algorithm (https:// bitbucket.org/young_computation/rose/). Enhancer constituents were identified using MACS with input control and with two parameter sets: --keep-dup=1 -p 1e-9 and -keep-dup=all -p 1e-9. The collapsed union of these regions was used as input for ROSE with parameters -s 12500 -t 1000 and input control. Super-enhancers identified in the DMSO and targeted therapy conditions were collapsed to capture both baseline and acquired super-enhancers upon targeted therapy treatment. The list of combined DMSO and targeted therapy superenhancers were associated with expressed genes by finding the single expressed Ensembl transcript whose transcription start site was nearest the center of the super-enhancer.
Densities of H3K27Ac or BRD4 ChIP-Seq reads (Figure 3c ,d and Supplementary Figure 7 and 8) were calculated using bamToGFF (https://github.com/BradnerLab/pipeline). Superenhancers identified in DMSO or targeted therapy conditions described above were treated as one bin (-m 1), reads were extended to be 200bp (default) and the reads-per-million (-r) normalized density (-d) of reads was calculated therein. These RPM-normalized density values were log2-normalized after addition of one pseudocount, and log2 values were used for fold-change calculations.
Data deposition
RNA-Seq and ChIP-Seq data have been submitted to the NCBI Gene Expression Omnibus under accession number GSE89129.
Immunoblotting
Cells were lysed in RIPA buffer (Roche) containing protease inhibitors (Roche) and Phosphatase Inhibitor Cocktails I and II (CalBioChem). Protein concentrations were determined using a Bradford assay (Bio-Rad). Proteins were separated by SDS gel electrophoresis using NuPAGE 4-12% Bis-Tris gels (Life Technologies) in MOPS buffer. Resolved protein was transferred to nitrocellulose membranes, blocked in 10% milk and probed with primary antibodies recognizing AKT (9272S), p-AKT (4060P), ERK (4695S), p-ERK (4370S), CDK12 (11973), tubulin (3873S), EGR1 (4153S) (all from Cell Signalling Technology), CDK7 (sc-723, Santa Cruz), SPRED2 (ab153700, Abcam), NF1 (sc-67, Santa Cruz), actin (A5441, Sigma-Aldrich) and vinculin (V9131, Sigma-Aldrich) in 5% milk or 3% bovine serum albumin as recommended by the manufacturer. After incubation with the appropriate secondary antibody (Pierce anti-mouse IgG/IgM (31444, Thermo Scientific) and anti-rabbit IgG (31460, Thermo Scientific)), blots were imaged on film.
Pull down/Immunoprecipitation (IP) experiments
TLP mice were treated for 72 hours with vehicle or THZ1 (10 mg/kg BID, i.p.), and livers and tumors were harvested 6 hours following the last treatment. Tumor and liver tissues were homogenized and lysed as previously described (25) and incubated with bio-THZ1 for pulldown as previously described (15) . CDK7 target engagement was analyzed by immunoblotting.
CRISPR-CAS
CDK7/CDK12 experiments-Target sequences for CRISPR interference were designed using the sgRNA designer (http://www.broadinstitute.org/rnai/public/analysis-tools/sgrnadesign) and CRISPR Design tool (http://crispr.mit.edu), provided by the Broad Institute, MIT and Feng Zhang lab, MIT, respectively. Off-target effects were considered using http:// www.genome-engineering.org. A non-targeting sgRNA from the Gecko library v2 was used as a dummy sgRNA for control (78) .
Sequences were as follows: dummy guide 5′ATCGTTTCGCTTAACGGCG3′; CDK7 sgRNA#1 5′TGTGATGCAAAGGTATTCCA3′; CDK7 sgRNA#2 5′ATACACATCAGGTTGTAACC3′; CDK7 sgRNA#3 5′TGAGAAGCTGGACTTCCTTG3′; CDK12 sgRNA#1 5′GCTTGTGCTTCGATACCAAG3′; CDK12 sgRNA #2 5′GCTCCCAGACTGGAATTAAG3′; CDK12 sgRNA #3 5′GTAGGAGTCATAATTGCTCG3′; Lenti CRISPRv2 vectors were cloned as previously described (78, 79) . Briefly, HEK-293T cells were transduced with lentiCRISPRv2 using X-treme Gene 9 (Roche) according to the manufacturer's instructions. On day 2, PC9 cells were seeded, and allowed to adhere overnight. On day 3 the supernatant of transduced HEK293T cells was collected and added to the PC9 cells through a 0.45 μm filter. Supernatant from transduced HEK293T cells was again collected and added to PC9 cells on day 4. On day 5, puromycin (1 mg/ml) was added to select infected cells (for four days).
NF1/SPRED2/EGR1 experiments-Oligonucleotides coding for guide RNAs that target the NF1 and SPRED2 genes were chosen from the Avana library(80) and cloned into lentiGuide-Puro two vector system using established methods (78 
RT-PCR
Total cellular RNA was isolated from cells using an RNeasy Mini Kit (Qiagen) and 1.0 μg was then reverse transcribed to cDNA using the High Capacity RNA to c-DNA kit (Life Technologies). Quantitative PCR reactions were performed on an ABI Prism 7300 platform (Life Technologies). CDK7 expression was checked using the following forward primer: 5′-GGGACAGTTTGCCACCGTTT-3′ and reverse primer: 5′-ATGTCCAAAAGCATCAAGGAGAC-3′. CDK12 expression was checked using the following forward primer: 5′-GAGGAGGCAGCAGAGAAGAG-3′ and reverse primer: 5′-TAAAAGTTGCAGCAAGGCGG-3′. CDK7 and CDK12 primers were designed using Primer 3 software. Relative gene expression was normalized to human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the following forward primer: 5′-TTAGGAAAGCCTGCCGGTGACTAA-3′ and reverse primer: 5′-AAAGCATCACCC GGAGGAGAAATC-3′(81).
Statistical analysis
Data are expressed as mean +/− standard deviation. Statistical significance was determined using Student's t-test, Mann-Whitney U test, or one-way ANOVA. For survival analyses logrank test (Mantel-Cox) was used. Statistical analyses were performed in Prism 6 (GraphPad Software). Significance was set at P = 0.05.
Significance
CDK7/12 inhibition prevents active enhancer formation at genes promoting resistance emergence in response to targeted therapy and impedes the engagement of transcriptional programs required for tumor cell survival. CDK7/12 inhibition in combination with targeted cancer therapies may serve as a novel therapeutic paradigm for enhancing the effectiveness of targeted therapies. a, Xenografts of RT112 and PC9 tumors were treated with the indicated drugs for eight weeks (n=5 mice in each treatment group, equivalent to 10 tumors in each group). Survival over time is shown as a percentage for each treatment group. P-values are based on log-rank (Mantel-Cox) test analysis (* p-value < 0.05, ** < 0.005, *** < 0.0005). b, Schematic of novel NSCLC genetically-engineered mouse model containing lox-stop-lox (LSL) EGFR-T790M-L858R and LSL p53-R172H dominant negative (DN) alleles (TLP mice). Mice were induced by intranasal administration at 6 weeks of age with Adenovirus-Cre recombinase. Upon determination of lung tumor growth by MRI, mice were randomized into treatment groups and imaged biweekly until end-stage disease to determine tumor response. c, Tumor volume index, normalized to pre-treatment volume, for TLP mice treated with the indicated drugs at 2 and 4 weeks (left panel). Mean +/− standard error of the mean is shown (* p-value < 0.05, ** < 0.005, *** < 0.0005, two-sided t-test). Combination treated mice had long-term tumor-regression (right panel). Tumor volume index for combination-treated mice is shown up to 14 weeks. d, Representative MRI images for mice treated with WZ4002, THZ1, or the combination of the two, pre-treatment and at week 4, showing significant tumor regression with combination treatment. Heart and tumor areas are drawn up and marked with yellow and red lines, respectively. e, Survival curves for TLP mice treated with the indicated drugs. P-value determined by logrank (Mantel-Cox) test analysis (* p-value < 0.05, ** < 0.005, *** < 0.0005). 
